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Ibvestigators generally agree that the reaction of steam with w r i o u s  types 
of carbon and cokes, which has been widely investigated a t  the Morgantwn coal Research 
Oenter of the Bureau of Mines ( 5 )  and elsevhere, (3) (7) (8) ( 9 )  (10) (14) (15) (16) 
(18) is related to the reaction of steam vith &. Despite this relationship, knowl- 
edge of the kinetics of the steam-carbon reaction does not disclose nor reveal the 
kinetic behavior of coals of various rank and type in coal gasifiers. %e conclusions 
drawn from studies of the react ivi t ies  of varlous types of carbon furnish l i t t le  or  no 
infomation on process rates, which can be used in  the design of improved types of 
ccamnercial coal gasification equipent. 

Several investigators (2) (ll) (12) (13) studied the kinetics of the reac- 
tions of coals, generally w i t h  air, oqrgen o r  carbon diozdde, but restricted their 
research to relatively low temperatures, specific types of coals, fsxed beds of coarse 
particles,  etc. 
scale gasifiers, modifying their constants accordingly. At t empt s  to extrapolate these 
results to other types of coals suspended or entrained i n  steam at considerably higher 
temperatures and pressures (4) have never proved satisfactory and, i n  masy cases, have 
failed. 
for substances as camplw. structurally and as widely different i n  composition as  coals 
of various rank, type o r  grade. Generalization for  all types of coals, cokes or chars, 
or the use of questionable assumptions to extend the applicabili ty of a rate equation 
t o  a l l  gasification conditions does not seem Justified.  

Others t r ied  to  flt theoretical  rate equations to data fYam Large- 

It is doubtful that  a gene- applicable rate equation can be established 

A "falling particle' technique has been developed by Dotson and Holden (5) 
of the Bureau of Mines at  Plorgantown, W. Va., for the detenuination of the reaction 
rates of carbons with steam. 
was recently m o d i f i e d  by the authors and developed for the rapid determination of the 
react ivi t ies  of coals. The essential  feature of the method is that it closely simu- 
lates the conditions existing when povdered coals entrained i n  steam are gasified in 
large-scale gasifiers. 

IIbe method origbally devised for finely divided carbons 

'Ihe purpose of the work here described was to detemine the "relative 
reactivities" of various w s  of coals vhen the i r  particles react with steam a t  
1,700. F. Specifically, the object was to separate the overlapping effects of t h e w  
deccanposition end actual steam-carbon reaction vhen steam interacts with coats at high 
temperatures. 

tbe-rate of the reaction betveen a solid fuel  and an oxidizing gas, usually q, m, 
or Qo, under a given set of experimental conditions, inchding temperature, pressure 
(4), pal-ticle size, s ize  consist, and bulk density. "Relative reactivity" is defined 
he= 88 the relative rapidity of reaction between a fuel and an oddizing 5 s  (steam 
i n  OUT case) i n  a given apparatus under the same set of experimental conditions. It 
i s  an experimentally obtained index figure, useful i n  c m s o n  with other fuels. 
pertaining to an average (measured) residence time, the texm "relative reactivity" 

"Reactivityw of solid fuels is generally defined (7) as the velocity or 
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simmes no more than a t  the name implle~: 
to each other. It should not be copfased pith '%hetic reaction rate." 

reactivities of osriC0a-fuel.s re late& 

%e tenu Tdnetfc reaction rate" is a more fundamentel chsrscteristic of a 
given fud reactiag xLth a even gas; it is independent of the gasifier &si@, and 
is usually more simificant Aarm a process W e e r i n g  standpoint. H o w ~ e r ,  its 
detemlnation is more time consuming. % e  kinetic reaction rate .usraallg exprebaes, 
in fozm of a rate eqpation, the functional relation betveen reactton late and IBBE- 
tant concentrstion at  aqy given tenperature and pressme. 
imaa a desi@ standpoint, fall knmledge of the kinetic rate includes the effects oi 
all variables on the reaction rate,  particularly temperature and pressure (4) (17), 
and the physical s t a t e  of the reactants, such a s  particle size, size  consist, and bulk 
aenSity. The effects of mass transfer rate and floor pattarn, insofar as they affect 
the overaU reaction rate, should also be known. 

For zecdmum usefulness 

Although wrk is being planned on the detenulnation of the kinetic rates of 
the reaction of steam with coals a t  hisher temperatures and pressures, this paper I s  
restricted to the study of the more rapidly detemLned relative reactivities 00 coals 
(-60 + 65 mesh) interscting with st- a t  1,70O0 F. and atmospheric pressure. 
reactivities a m  expressed in terms of (1) "fuel conversion," even as weight-loss i n  
grams per gram of dry, min- matter - free coal; o r  (2) "carbon conversion," shown 
as grtnns of  carbon gasified per of carbon i n  the coal. I n  either case, the con- 
version of the coal to &BS is due both to t h d  &camposition and reactloo w l t h  
Steam, 

'Ihe 

Ihe reactor developed and used to detenrdne the relative reactivities of 
coals by the falling part ic le  technique is shown schematically in  pigure 1. 
3-inch inside diemeter 9-foot loag a3J.q steel reactor tube is electrically heated by 
9 (pairs) prefabricated semicircular embedded-coil-type hesting elements 11.5 inches 
high and 5 inches outside a e t e r ,  each controUed by a variable trsnsfonner. ne- 
ments at  the top and bottcmr serve to  balance the heat losses; the other 7 eleraents 
control the temperature io the @-inch long i s o t h d  zone. bngitudinrd tenpexatum 
profiles or traverses are determined from time to time, and th@ heat input is adjusted 
to maintain i S O t h a E d  conditions. 

%e 

I)oubly distilled pster passing through a mtslaeter is vaporized in a small 
electrically heated tube, and the steam thus formed I s  preheated to 800 - 1,OOOo F. 
before injection i n t o  the reactor. *e steam flow-rate is a&justed for the desired 
steslo-to-coal ratio, generally 3 pounds of s a  per pound of dry mineral matter - free 
fuel, and the vibratorg feeder is started. 
coal particles in the feed bowl move uprwrd a l o n g  a spiral track until each particle 
is swept by nitmgen, flowing a t  a rate of about 1.2 std. cu. ft. per  hour, tbrough a 
hole Into the  feed-tube and thence into the reactor. The coal feed-rate, generslly 
50 g. per hour in the resctivlty tests described, is controlled by adjusting. the volt 
age input t o  the vibzating mechanimn. 

The unifozmly sized (-60 + 6 m e s h  per inch) 

'Ibe coal particles, blanketed nitrogen, isll throu& a 7-inch long 
5/16-inch inside diameter feed-tube, the latter surmmded by a 5/16-1nc11 wide a n d m  
(not shown i n  Hgve 1) throagh which the steam is passed downward a t  about l,OOO* F. 
"be coal particles thus preheated in the feed-tube are  entrslned i n  the steara and 
enter the top of the reactor-tube t h r o e  a 1-Inch inside dim&xr circdlar apening 
at its center. The enterlng psrticles together with steam and nitrogen spread some- 
what, but direct contact with the uall is prevented as they are carried damvard i n  
mn~r flow (cormationsl Reynolds number about 20) blanketed with wes. 
by gravitg, thq continue to fall through the st-, nitrogen, and generated gases 
Vi- at free-falling velocity. 
(900 - 950' C.) and for a luv-volatile biftmdnaaa coal fed a t  50 gmms per hoar, wltb 

Accelerated 

CLiLcrilrrted f o r  a reactor tenrperature of 1,700' F. 
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a stetnu-to-coal ra t io  of 3:1, the linear velocity of the steam-nitrogen mixture in the 
upper part of the reactor uas 0.19 ft. per see. As the measured average terminsl ve- 
locity of the coal particles mas 1.33 ft. per sec., the difference is their free- 
fa l l ing velocity: 1.14 f t .  per sec. 

nitrogen mixture, it i s  clear that  the fuel particles faU i n  the reactor tube almost 
freely through the gases. 
type, but is rather em unsteady or  partial suspension, and the term "fall ing par t ic le  
techniqueD properly describes it. (An isotope tracer method used to determine the 
residence time of the fiel particles,  and thus the i r  tenninal velocity, w i l l  be des- 
cribed in another paper to be published by the authors.) 
reactor prevents direct contact between the particles and the heated reactor tube. 
Nevertheless, because of the s m a l l  heat capacity of the fuel particles, and the effec- 
t ive  transfer of heat  --- partly by radiation from the reactor v a l l s  and partly by 
convection and conduction through the steam medium --- the fa l l ing  particles are 
rapidly heated to the isothemal reactor temperature of 1,700' F. 

the conditions stated, is estimated to be about 50 mg per dns of reactor volume con- 
taining a gas mixture of 85 percent steam and 15 percent nitrogen. On an average, 
approximate 8 1/2 particles of -60 + 65 mesh coal are i n  pa r t i a l  entrainment 
(suspension) at any given time in  each ad of steam-nitrogen m i x t u r e  flowing a t  a 
ra te  of 265 cc. per sec. (33.9 cu. ft. per hour) i n  the upper part of the reactor at  
1,700" F. The average distance between the suspended particles, if they are assumed 
to be spherical and have an avenge diameter of about 0.U mm., is approldmately 6 nun. 
The htter m u e  thus estimated i s  analogous to the tern "mean free path," although 
used here i n  a different sense. 

As shown i n  Flgure 1, the residue and product gas recovery system is at  the 

Since the coal particles t ravel  6 times faster than the entraining steam- 

The f l o v ,  therefore, is  not so much of the entrainment 

Iaminar flov inside the 

The concentration of fuel particles in the upper part of the reactor, under 

bot tm of the reactor tube. 
and i s  coded, veighed and analyzed. 
collects i n  the condensate receiver; the rest of the soot is  remaved from the gas by 
means of a wash bottle. 
papers i n  a Eiuchner funnel, and the gas i s  metered, senpled, and vented. 

A photograph of the apparatus is shown i n  Hgure 2. 

The solid residual is collected i n  a receiver bottle, 
Most of the excess steam and some f ine soot 

Traces of tar vapors i n  the product ,+s are  caugbt on filter 

Next to the control 
board i n  the foreground, the i n s u l a t e d  reactor tube is  seen vith the product recovery 
t ra in  below it. 
upper platform partly vlsible a t  the top of the picture. 

'Ihe fuel-feeding and steam-generating systems are  located on the 

As the reactivity of powdered o r  granular fuel  i s  affected by the size of 
the particles, it was necessary to investigate possible degradation of particles as  
they fall through the reactor-tube. Do the solid fuel particles abrade each other 
and, if so, is  this size reduction balanced, i n  case of bituminous coals, by swelling 
of the particles when they pass through the plast ic  stage, usually between 700' F. and 
1,OOO' F.? To answer these questions, the apparent (or bulk) specific volumes of tu0 
different coals and a char were detelrmined, before and after a s i n g l e  passage through 
the reactor under the usual conditions a t  1,700' F. Specific volmes were detemhed 
by f i l l i ng  a 10-cc. graduated cylinder with the particles,  unifolmly tapping, and then 
weighing the contents. The results are shown in Figures 3 and 4 w i t h  the apparent 
(bulk) specific volume in  each case given below the photamicrogmph of the sample. 
The specific volume data shown on these pictures are  helpful in th i s  evaluation since 
any increase i n  the apparent (bulk) specific volume or, convc32*jely, decrease i n  bulk 
density be due to (1) formation of fines (degradation), and/or (2) swelling of 
each part ic le  wlth corresponding increase in  porosity. 

addition to the microscopic examinations, the extent of degradation i n  
f a  vas detelmined by drop-testing samples (-60 + 65 mesh per inch size) throua the 
reactpr-tube, i n  s t i l l  air, a t  rom temperature. AWycmring hi&-volatile bitwinous-C 

B 
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coal (Serial No. l6) and a char, made by Iw-teupeFsture carbonization from a 
@lorsdo bituminous-A coal, (M BoJo. 7), Yere so tested for  s ize  degradation. 
ech case the procebre was identical: 
at a rate of 72 &rams per hour (1.2 g. per -.),and the product vaS screened -ugh 
a @-mesh per inch s&ndard s c m ,  uniformily shaklllg and tappins it i n  each case. 
me results vere negative. In both cases the slze degrsdation was m, although 
the char ya8 samewhat more resis tant  t o  breakage than the coal. The breakage index, 
vhich is the pement retained on the 65-1aesh screen before the drop-test minus that 
retained after the drop-test, was 1.7 percent for the coal and 0.2 percent f o r  the 
char. me time of fall during the --tests, d e t e n e d  vis-, vas 4.4 seconds 
f o r  the coal and 3.5 seconds for the char. 

In 
100 grams of the sample vas med 123 inches 

‘Ihese results conf5.m what is evident frena Figures 3 and 4: any size  deg- 
radation frcim attrition of the particles by theaselves and by the reactor y8u is 
negligible and is veil vithin the expected experimental error. 
redaction is  more than balanced i n  the case of bituminous coals by the swel l ing of 
the particles as they pass through the plas t ic  stage. 
svelllng and foxmation of hollow spheres, as shovn by the photcaoicrographs i n  
Figures 3 and 4, as ve l l  as by the considerable increase i n  bulls specWc volumes. 

Even this slight size 

There is plenty of evldence of 

Experhental amdsmentals 

Tests to detennine the re lat ive reactidties of coals vere c a f i i e d  out 
under as nearly identical  conditions as possible, thus maintaining at all times the 
major operating variables as constant as practicable. The most essential. variables 
affecting the reactivit ies of povdered coals are: 
(2) me, chemical ccmposition and microstructure (porosity) of the c a ;  (3) par- 
t i d e  s ize  of the coal, its s i ze  consist and d a s i t y ;  
(5) s t e a a  inpat rate (or steam-to-ccd wight-ratio);  
tbe ;  
for testing coals for reactivity,  the objective uas t o  establish the correct magni- 
tude f o r  these variables in order to obtain measurable, but not excessive, fuel and 
carbon conversions. 

(1) type and s ize  of test-reactor; 

(4) coal thmughput; 
(6)  residence (or contact) 

In dweloping a rapid practical method (7) tenperatuse; and (8) pressure. 

An bportsnt  variable i n  need of study was the required steam-to-coal ratio. 
me results of this study are i l lus t ra ted  in Plgures 5 and 6. 
effect of steam concentration (in tenns of stetaa-to-carbon veight-ratios) on the com- 
ponents of the gases evolved. me yields o f  gases are seen to  increase with increas- 
ing stesm-to-car~o ratios, but most of the increase in the total e s  yield vas due 
to the r is ing trend i n  hydrogen evolution. 
interaction of stem vith hydrocarbon groups and other radicals attached t o  the coal 
molecule, and It appears that the  interaction increases with the steam concentration. 
Although the dia- in Mgare 5 refers to 8 low-volatile bituminous coal, yield 
curves shoving Identical trends were obtained w i t h  h ie -vo la t i l e  bituminous coals. 

The intersction of s t e m  appears to fac i l i t a t e  thenual decampsition at a 
lover temperature, w i n g  the detachment of  -1 groups and other radicals &rm 
C&On atms in the coal matrix. 
probably vlth an electron lost or removed f r a n  the carbon atan fmm which a radical 
(possibly i n  ionic s ta te )  was detached. 
electron absences (or “positive holes”) has been recognized by Gray (6) and his co- 
wrkers. 
thus entering the gas phase nw react with additional steam to fonn Cq and H2. For 
emmple : 

ami c o + E 2 0 “ c q + ~  (wakr-gas ahipt reaction). 

Ngure 5 shows the 

T h i s  Interesting fact points t o  a possible 

This may result in the formation of ”defect sites,” 

The existence of such defect sites owing t o  

’Be methane, ethane, other p a d f i n  h@marbons, carbon monoxide, etc., 

Caq + -0 = ~ 0 2  i 4% (refoming reaction) 
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This is  a plausible explanation of the hydrogen evolution (Figure 5) accamwnying the 
interaction of steam with the coal molecule. 
thus interacts w i t h  coal both in carbonization and gasification, i.e., whenever ther- 
m a l  decomposition of coal takes place in  the presence of steam (14). The defect car- 
bon s i tes ,  often called "reaction sites" or "active sites," thus formed are vulnerable 
to attack by s t e a :  

Bere is plenty of evidence that steam 

C + H20 = CO + E2 and CO + E20 = Cor + H2. 
I 

. 

The importance of steam-to-carbon r a t io  thus established, experiments vere . 
made to detemine its effect on the reactivity, m e a s u r e d  as  fuel o r  carbon conversion. 
Figure 6 shows that for both high and law volat i le  coals the reactivity r ises  asymp- 
tot ical ly  up t o  a ra t io  of about 3:l. Above th i s  ra t io ,  additional steam does not 
significantly increase the carbon conversion, i.e., a maximum has been reached. A 
r a t i o  of 3 : l  was thus chosen, as too much excess steam mould increase the flov-rate, 
thereby decreasing the contact time belov the l imit  of effective conversion needed 
for most of the reactivitg tests. 

Similarly, accurately measurable conversion was the  criterion used in deter- 
mining or  &oosing the optimum values of other essential  variables. 
tes t s  were made vlth coals closely sized t o  pass a 60-mesh per inch U. S. standard 
sieve but retained on a 65-mesh sieve. 
per hour and kept as  constant a s  possible throughouC, each test. 
kept uniform throughout the @-inch long isothermal zone betveen 1,650 and 1,750" F., 
the ma&num variation being f ao F. 
in the isothennal zone ranged fmn 5.2 seconds for subbituminous and l a w  o r  hi&- 
volat i le  bi t idnous coals to 6.6 seconds for anthracites. 
values by an isotope-tracer method will be discussed by the authors in a future paper.) 

Thus, a l l  of the 

The coal-feed xate was fixed a t  about 50 grams 
The temperature was 

'he average residence time of the coal particles 

(!Be detezmination of these 

The optimum values fo r  the variables, thus detemined, were kept as constant 
as possible so that the  results of the reactivlty tests depended only on the w e ,  
ccarrpositioh, and microstructure of the coal tested. 

Materials Tested 

Descriptions of the types of fuels tested f o r  their react ivi t ies  are given 
i n  Table 1. 
l igni tes  to  anthracites. Also included in Table 1 are several types of chars derived 
by low-temperature carbonization fropl the specific types of coals shown i n  the table. 
athough the react ivi t ies  of these chars were determined i n  the sane apparatus by the 
sane technique described above for coals, the objective of the work with chars was 
sufficiently different to merit separate discussion i n  a future paper. 

The coals are  presented in  the order of increasing rank, ranging fnrm 

Proxlmate and ultimate analyses of the fuels tested are shown in Table 2 on 
a dry ,  "mineral matter - free" basis. 
percent mineral matter, calculated i n  confonnity with ASTM standards (1) and the C/H 
ratio. Use of the "mineral matter - f ree  basis" resulted in a much bet ter  alignment 
of data along the curves shown i n  various diagrams representing the functional re- 
lation between reactivity and various coal constituents or ratios.  

Included i n  this table  are i n  each case the 

Results and 'Mscussion 

U s u a l l y  two, but in some cases up to  five, react ivi ty  tests yere made on each 
of the 12 types of coals l i s t ed  in  lLBbles 1 and 2. 
coal were averaged and plotted on the fol lar ing diagrams. 

The test results for each batch of 

All of the reactivitg test data (including data on s e v d  chars produced by 
low-temperature carbonization at the mesa of Mines Denver Coal &search Center fnrm 
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sane of the 'Ihis dhgmrn Uustrates the 
n l a t i v e  reactivities, i n  tenus of fuel conversion, of c o a h  of various rank ( g d o g -  
ical age) and their corresponding cham (connected wlth broken lines and arrovs), as 
a function of steam concentration. 
coals of the same rank faU appro-tely along straight lines, each line indicating 
a given reactivity level, Most of the lines tend to be horizontal or slightly upward 
sloping and ate usually pruriuel, The devFations in slopes, hovever, may not be sig- 
niflcant owing to  experimental ermrs in analyses or sampling. htuaUy, they should 
slope slightly upward, as i n  Fi jpre  6, although for the shorter range of steam-to-coal. 
weight-ratios, 2.2 to 3.3 shown in Flgure 7, the upaard trend is not as noticeable. 

proportional to  their mnk o r  geological age. 
ity is a function of  the c h e n n i d  ccanposition and microstructure (porosity, density, 
etc.) of the coal as these, in turn, depended on the tspe of vegetation and geologic 
factors that &st& when the coal beds were formed i n  various prehistoric ages. 
Since coals of various rank characterlsticaUy m e r  in volat i le  matter --- the 
ASlM (1) classifies them into ranks largely  on the basis of volat i le  matter (on mineral 
matter - free basis) and calorific value --- it is &dent that the reactivitg must be 
related to the volati le matter as determined by the standard ASPI tes t .  H m e r ,  
volat i le  matter and gas yield measured in reactivity tests are related terms, although 
by no means are  they identical. The volat i le  matter test is intended to duplicate, to  
some extent, coke oven conditions in small-scale carbonization i n  a crucible at  950' c. 
(1,740' F.); the reactivity test is  a ccaubination of carbonization and gasification in 
steam medium a t  about 1,700' F. 'Ibe gas yield, therefore, does not include the water 
formed as a result  of carbonization, but it does include the product gases resulting 
fmm the steam-carbon reaction (0, q, and H2) to the extent that this reaction 
takes place at  1,700" F. When fuel conversion is plotted versus volati le m a t t e r  
(pigare 8) sad againat gas yield (Figure 9), similar S-curves result, bu t  the latter 
curve is much s t e e p e r .  The siepificance of t h i s  difference is subject to further 
interpretation with addi t ional  experimental evidence on hand. 

investigated) are shown in figure 7. 

aCpressed on dry, mineral matter - free basis, 

I n  general, it may be concluded tha t  the reactivlties of coals are inversely 
Fraa this it follows that the resctiv- 

Ihus, 89 hss b- ~eversl ime&i@to= (13), the r;eactivities of 
coals of various rank and tJrpe are f'unctions of the volattle matter as detennined by 
the standard ASIM test. 
past w i t h  considerable deviations admitted, but a mild-sweep &curve, as shown in 

Y e t ,  the functional. relation is not linear, as claimed i n  the 

F-Jal=e 8. 

m i l e  volati le matter has served for sane time as an appmximte, although 
atudliary, index of rank, the results of this investigation show that the total carbon 
content and C/H ra t io  are more sensit ive indicators of the ranks of coals, 
the reactivitg a&nst the carbon i n  coals, it vas found that both the fuel and carbon 
conversions are cublc parabolic functions of the total carbon content, When plotted 
on mineral natter - free basis, not a straight l i n e  but a well-defined S-curve is ob- 
tained (see Figure 10). 
-idly in case of pounger coals, much more slowly VlW h.v. bituminous coals, and 
rapidly again in c8se af 1.v. bituminous coals and anthracites. 

Cb the other hand, the reactivities of coals, expressed i n  tenns of either 
fuel or cazbon conversion, are nearly perfect hyperbolic functions of the carbon-to- 
hydrogen weie;ht-ratio (C/H), 89 shovn i n  Figure 11. This a- to be significant 
both from the standpoint of fuel classification and process englneering, i.e., selec-  
tion of cabla f o r  effectLve gasification. ?be C/H ra t io  appears t o  b e  an excellent 
indicator of rank, and mrrg also be an indicator of the quality of synthesis gas, or 
that of high-B.t.u. gas or liquid fuel that can be produced by gasification and sab- 
sequent synthesis. 
mtter, or  total carbon Content, or C/H ra t io  could be used as the sole index of d. 

An entirely W e r e n t  metbod of plott ing the reactiviQr data is presented i n  
pisureS l2 and 13. me purpose of these diagrams was to d e m e  the extent of the 

In plotting 

llhe reactie* decreases with increasing carbon content, very 

In spite of this, it is not suggested that either the volati le 
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reactivity, in term of fuel conversion, caused by (1) t h d  deccrmposition 
(devalatilizstion) and (2) the  actual steam-carbon reaction. 
tm *tors overlsp i n  the reactivity tests described. We can say wlth considerable 
certain- that each psrticle of coal thermally decomposes vith the evolution of' vol- 
ati le matter a8 its tearperstare r lses  to 1,700. F. 'Ihe steam thereupOn reacts with 
carbon atoms deprioea of hydrocarbon, hydro-1, carboxyl, and other side chains, 
Le., it reacts w i t h  the so-called 'fixed carbon." As the vola t i le  matter evolved 
in thenual decaposition consists of much volat i le  carbon (in the fom of Ca4, q, 
CO, etc.), *e fixed carbon remaining is a l ~ a y s  numerically less than the total car- 
bon i n  the coal. mus, if we aedJlct the percent of vola t i le  matter (i.e., grams of 
coal converted to gas per 100 gram sample), as detewined by the AslkI test at 
1,740. F, (90' C.), from the fuel. conversion (in terms of grams of coal converted 
t o  gas per 100 g m n  @e) at  about 1,70Oa F., t h e  difference WFU be the percent 
fixed carbon that reacted w i t h  steam to form CO, r3+, and H2. 
1,740. -F. and 1,700. F. are sufficiently close to p d t  the approximation. 

closer the diaw in Flgute 12 011 the reactivitg of fixed carbon in relation to the 
total carbon content of coals of various rank. It shows that the actual steam-carbon 
reaction generally decreases w i t h  increasing order of rank from l igni tes  to anthra- 
cites. However, a similar plot  of conversion by the steam-carbon reaction alone ver- 
sus the fixed carbon content (Figure u) shows more clearly than the previous diagrsm 
that the rapidly descending clMe tends to beccme asymptotic beyond 63 percent fixed 
carbon on dry  minezal m a t t e r  - free basis. I n  other words, steam at 1,700. F. reacts 
with carbon in younger coals wlth surprising ease, but less and less easi ly vith car- 
bon in older cosls of increasing rank, while the carbon in coals from h.v. bituminous 
rank to anthracites is nearly equally reactive. 

me effects of these 

?he two temperatures, 

An interesting observation can be made and conclusion dravn by w i n g  

'Ibe conclusion &am is significant, yet  understandable in liet of the 
explanation given above under Experimental Fundamentals. 
coals have many more alkyl side chains and several other radicals attached to the 
benzenoid coal matrix than older bitmninous coals, and s t i l l  less in anthracites. 
Uhen these radicals crack off the carbon atms as 8 result of the interaction of 
steam, the "defect" s i t e s  reaaining are  vulnerable to attack by E20 molecules, which 
explains the decreasingly lower react ivi t ies  of coals from lignites t o  anthracites. 

Lignites and other young 

I 

1~ 

\ 
I 

t 
i 

Acknarledgppents 

The authors vi& to acknovledge the helpful  suggestions of the fol lming 
Rareau of Mines personnel.: Harry Perry, Dr. E. E. Lowry, and Dr. L, L. H i r s t .  



1T 

3 

9 

%e s e r i a l  numbers shown identif'y the type of fuel tested in subsequent tabula- 
tions and aiagrams. 
aster isk next t o  the s e r l a l  number signifies char. See the corresponding head- 

AU coals are sham i n  the order of increasing rank- An 

ing 8bave for coals m a  chars, respectively. 

Medium-volatile -43, 
bituminous coal sevell m e  + ae8tvirgLnia 

sendbituminous Blo. 4 coal (30. west V i r g i n i a  

Anthrscite coal8ndIronco. Pe?ulsulvania 

Low-volatile coal Pocahontas Island Creek McDovell Own*, 

Perm. 80 RBadiW LocUSt SMrmit, 
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No. 11 -Wyoming H.V. BituminousC coal. 
Size: -60 + 65 mesh/in: sp vol: 

1.39 cm3/g 

No. 1 l . R  . Single pass residue obtained 
from iesting No. 11 coal. 

Sp vol: 4.13 cm3/g 

0 1 2 3 4  5 

SCALE: MILLIMETER 
1.0 mm = 1,000 microns 

?igure 3. Wotomicrographs of a Zitminous-C Coal and i t s  3esidue 
f r o m  Reactivirity Tesz inade a t  1,7C0° F i3 Steam E.’edivm 
(appmmte  a r g a n e n t  ln). 

No. 6 . Colorado H.V. Bituminous-A coal. 
Size: -60 t 65 mesh/in; sp vol: 

1.32 cm3/g 

No. 6-R . Single pass residue obtained 
from testing No. 6 coal. 

Sp vol: 2.99 cm3/g 

0 1 2 3 4 5  

SCALE: MILLIMETER 
1.0 mm = 1,000 microns 

F i g a e  4. Photomicrographs o r  a Bitminous-A Coal and its Residue 
from iieactivlty Test made a t  l,7CQ0 F i n  Steam Medium 
(approxjmate enkugement ln). 
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Figure 5. Mfect gf Steam Concentration 
on Gas Yield, 1'700' F 

Figure 6. Eefect of Steam Concentration 
on Carbon Conversion, 1700" F 

Figure 7. Ccaapgrative Reactivities of C o a l s  and Chars 
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.... 

Figare 8. Conversion as a Function of Vola t i l e  Matter - Steam Reacting with  Coals a t  1700' F 

I 1 1 I I I I 

14 
of a given rank. 

Arobic serial numbers indicate 
the type of fuel tested as 
listed in Table I. 

01 I 1 I I I I 1 
0 5 IO 15 20 25 30 35 

GAS YIELD, s t d c u n  per Ib dry m m f  coal 

Figure 9 .  Relation Between Fuel Conversion and Gas Yield 
I - Steam Reacting with Coals at  1700' F 
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the type o f  fuel tested a s  
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7iglre 11. Carbon Conversion as a FunctLon of Carbon-'co-Eydrogec ?&io - Steam Reacting v i t h  Coals a t  1700° F 
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-Coals of vorlous mnk 
X-Focal Points for coals of 

Arabic serial numbers indicate 
.the type o f  fuel tested a s  
listed in Table I. .. 

0 g v e n  rank. 

os  

72 74 76 78  80 82 04 86 88 90 9 2  

CARBON IN COAL, percent. dry m m f  b s i s  

Figure 12. Relation Between Total Carbon in Coal and the ReactPrik- 
of Fixed Carbon - Steaa 3eacting vith Coals a t  1700° F 
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0-Coals of varlous rank. 
X-Focal points for cwls , 

Arabic serial numbers indicate 
the type of fuel tested as 
l isted in table I. 
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Figure 13. Relation Between Mxed Carbon in t h e  Coal and the Reactivity 
of Fixed Carbon - Steam %acting w i t h  Coals at 1700' F 


